This paper presents a novel adaptive sliding mode control based on nonlinear sliding surface with disturbance observer (ANSMC-DOB) for precision trajectory tracking control of a surface mount technology (SMT) assembly machine. A two-degree-of-freedom model with time-varying parameter uncertainties and disturbances is built to describe the first axial mode of the pick-place actuation axis of the machine. According to the principle of variable damping ratio coefficient which makes the system have a nonovershoot transient response and a short settling time in the second-order system, the nonlinear sliding surface is designed for the sliding mode control (SMC). Since the upper bound value of the disturbances is unknown, the adaptive gain estimation is applied to replace the switching gain in the SMC. In order to settle the problem of SMC unrobust to the mismatched parameter uncertainties and disturbances, the nonlinear disturbance observer is introduced to estimate the mismatched disturbances and form the novel controller of ANSMC-DOB. The stability of sliding surfaces and control laws are verified by the Lyapunov functions. The simulation research and comparative experiments are conducted to verify the improvement of positioning accuracy and robustness by the proposed ANSMC-DOB in the SMT assembly machine.
Introduction
Surface mount technology (SMT) assembly machine, often called chip mounter, is an essential part in the printed circuit boards (PCB) assembly lines. It is mostly composed ofgantry platform. The fast and precision motion is required for the actuation part in the machine. However, the high speed may induce severe mechanical residual vibration which results in long response time and low position accuracy with overshoots [1] . The important thing to deal with this problem is to generate a motion profile firstly and then design a controller to make the actuator following it [2] [3] [4] . Apart from the motion profile generation, high performance control algorithms are crucial for the suppression of residual vibrations in the fast and precision trajectory tracking system. Traditional linear control laws such as proportionalintegral-derivative (PID) or proportional-derivative (PD) control are often unable to satisfy these high performance requirements [4, 5] . Instead, a large number of vibration suppression methods emerge. A pole-placement technique is used in [6] to achieve active vibration damping and high bandwidth disturbance rejection and positioning in the ball screw drive machines. Adaptive feed-forward cancellation with proportional-integral (PI) control is designed in [7] to improve the tracking accuracy at the selected frequency modes. Besides, a variety of tracking control strategies are also proposed [8] [9] [10] [11] .
Since the parameter perturbation and external disturbance always exist in the industrial machines, the control system includes not only the suppression of the residual vibration, but also the robustness to the disturbance. Sliding mode control (SMC) is employed frequently in the disturbance control system due to its robustness to the parameter perturbation and external disturbance [12] [13] [14] [15] . For example, an adaptive robust controller (ARC) is designed in [16] [17] [18] to compensate for the effect of unknown model parameters 2 Mathematical Problems in Engineering and bounded disturbances effectively and provide an online adaptation-based dynamic model identification method.
Another significant key issue in the control system design is to guarantee the transient response and steady-state output error. A prescribed performance control has been presented in [19, 20] to keep the maximum overshoot, the convergence rate, and steady-state error in the prespecified values. It is realized by the incorporation of time inequality constraints in the control objective via the introduction of a transformed error [21] . Combining with the variable structure control, another method to improve the system convergence accuracy and transient response speed is presented by Bijnan et al. which is the nonlinear sliding surface [22] used in SMC. It is designed according to the principle of composite nonlinear feedback principle [23] . With this nonlinear sliding surface, the system can have a low damping ratio with fast response initially. As the system gets close to the desired trajectory, the damping ratio is getting bigger to avoid the overshoot. Apparently, it allows a closed-loop system to simultaneously achieve low overshoot and a small settling time, thus resulting in a small error compared to conventional SMC.
However, the SMC with nonlinear sliding surface still has similar weakness to the conventional SMC which is the unrobustness to the mismatched uncertainties and disturbances [24] . This leads to many researches on the SMC design for uncertain systems with mismatched uncertainties. The linear matrix inequality (LMI) based sliding surface design for SMC has been proposed to guarantee the asymptotic stability of full-order system with mismatched uncertainties [25] [26] [27] . An adaptive radial basis function neural network is proposed in [28] to compensate for the effects of mismatched uncertainty in the framework of integral SMC. In [29] , the robust sliding hyperplane is constructed from a Riccati inequality associated with quadratic stability. All the methods mentioned above are integrated into the SMC to counteract the mismatched disturbance. The nonlinear disturbance observer (NDO) [24, [30] [31] [32] can also be used for estimating the mismatched disturbance to design the new SMC with the property of robustness to the mismatched disturbance. A disturbance observer based on the variable structure system theory for minimum-phase dynamical systems with arbitrary relatives has been proposed in [33] when the upper and lower bounds of disturbance are assumed to be known as prior information. However, the prior knowledge of disturbance is always hard to acquire. In order to deal with this problem, a new NDO based on the tracking differentiator is proposed for uncertain dynamic system to estimate many types of uncertain disturbances [34] .
In this paper, we propose an application for trajectory tracking control of SMT assembly machine with an improved algorithm based on SMC with nonlinear sliding surface to increase the positioning precision. For the research of SMC with nonlinear sliding surface, two preconditions should be satisfied. One is the prior knowledge of the matched parameter perturbation and disturbance, and the other is that the mismatched parameter and disturbance should be hypothesized to be nonexistent. Both preconditions are hard to acquire in the SMT assembly machine. In order to deal with these problems, the improved algorithm named adaptive sliding mode control based on nonlinear sliding surface and disturbance observer (ANSMC-DOB) is proposed and applied in the SMT assembly machine. The paper is organized as follows. Firstly, the system prototype and hardware structure of control system for the machine are given. A two-degree-of-freedom (two-DOF) model with matched and mismatched disturbance is induced and identified by the frequency response experiment. Supposing that the two preconditions mentioned above are satisfied, a SMC with nonlinear sliding surface for the two-DOF model is presented. This system has the distinct advantage of good response performance with nonovershoot and a short settling time. However, considering the reality that the prior knowledge for matched parameter perturbation and disturbance is hard to acquire, the adaptive parameter estimation is designed to determine the switching gain. Meanwhile, the mismatched disturbance also exists in reality. Therefore, with the purpose of improving the positioning accuracy and dealing with the mismatched disturbance, the nonlinear disturbance observer is proposed to estimate the mismatched disturbance. A new sliding surface is designed by combining nonlinear sliding surface with nonlinear disturbance observer and the novel controller law of ANSMC-DOB is presented. The stabilities of sliding surfaces and control laws are verified by the Lyapunov function. In addition, controller simulation research and comparative experiments are conducted. The conclusion and outlook are drawn in the end.
Hardware Platform of SMT Assembly Machine
A three-coordinate prototype of the -gantry platform with actuator has been developed for fast and precision SMT assembly machine. It is essentially composed of three large stroke ball screw drive systems and shown in Figure 1 . The pick-place actuator is in the -axis ball screw drive system. The -axis of ball screw drive system is defined as the pickplace actuation axis in this paper. The motion of nozzles in the actuator is in the -axis direction. The motion ofaxis direction is the synchronous movement of the pick-place actuation axis on two ball screw drive systems. 8 nozzles in the actuator for the material suction and placing. In order to describe the control experiment conveniently later, the three initial locations of actuator are marked as left, middle, and right, respectively. The schematic diagram of control system for the pickplace actuation axis is shown in Figure 2 . An AC servo motor is used to drive the ball screw to rotate and actuate the actuator to move axially. The lead of ball screw is 40 mm/rev. There are two position measuring sensors which are the rotary and linear encoders. The rotary encoder is in the AC servo motor. The linear encoder of high precision grating ruler is fixed in the machine base. The resolution of both encoders has been set as 1 m equivalent in the actuator motion direction. The AC motor is driven by a specific servo driver which is configured in the torque control mode. Since the response of electrical control is faster than mechanical motion and the current loop bandwidth of servo motor is high enough, the current command to the servo driver can be considered as the actual current. The positioning control algorithm is firstly simulated in MATLAB/Simulink and then compiled and implemented in dSPACE DS1104 system by ControlDesk software. The interface board is designed to realize the correct signal connections between DS1104 I/O module and servo driver/grating ruler readhead.
In the assembly line of PCB, fast and precision positioning of the chip mounter is the key research point to acquire high productivity and good quality. For the dimension of chips is gradually decreased, the tracking error of the actuator should be decreased as well. The target of this paper is to design an effective control law to make the positioning error of the actuator in the range of ±10 m with high robust and high transient response performance.
Two-DOF Model of the Pick-Place Actuation Axis
In the ball screw drive system with large stroke, the first axial vibration mode has the most influence on the linear positioning accuracy and the available control bandwidth [35] . It is mainly caused by the flexible characteristics of the translating components and the elastic interaction between the worktable, nut, and ball screw. In order to achieve high speed and high precision for the pick-place actuation axis, the first axial vibration mode has to be modeled and controlled well. A two-mass drive system, shown in Figure 3 , is used to capture this mode and the two-DOF dynamic model of the system is expressed as
where 1 is the rotary inertia equivalent to the motor shaft and 2 is the inertia of actuator. 1 is the viscous friction between the motor shaft and rotary bearing while 2 is the viscous friction of the bilateral guides. represents the total equivalent axial stiffness. represents the damping in the preloaded nut. ( ) is the control input voltage used to generate the motor torque to actuate the ball screw drive system. 1 ( ) is the equivalent rotary displacement of the motor shaft. 2 ( ) is the equivalent rotary displacement of actuator multiplied by the screw pitch. In the ball screw driven system of SMT assembly machine, the resonant modes, such as axial modes and torsional modes, are excited by the high speed and high acceleration motion. As the actuator moves along the ball screw, the mode frequencies shift due to the distributed stiffness and inertia of flexible ball screw. The first axial mode has a strong shift when the position of actuator is changing [35] . It directly causes the variations of inertia, damping, and stiffness in (1a) and (1b) during the operations, thus leading to the time-varying parametric uncertainties. Meanwhile, during the process of the actuator moving, the 8 nozzles in the actuator are driven by eight small servo motors to rotate and adjust the chip angle according to the circuit board scene captured by the camera. This motion in the actuator influences the trajectory tracking accuracy when the actuator is moving and could be considered as the load disturbance. The friction in the SMT assembly machine also changes with the variation of the actuator's moving velocity. Therefore, for the sake of analysis, 1 ( ) and 2 ( ) are used here to represent the integration of the time-varying parameter uncertainties and load disturbance mentioned above (see Figure 3) .
In this paper, 1 ( ) is regarded as the matched parameter uncertainties and disturbance to the input and 2 ( ) is defined as the mismatched disturbance. In order to realize the controller design, the following assumption about the performance of 1 ( ) and 2 ( ) is given.
Assumption 1.
The parameter uncertainties and equivalent external disturbance 1 ( ) and 2 ( ) are bounded and they can be described as
In order to identify the accurate model of (1a) and (1b), the frequency response experiment is conducted by exciting the AC motor with a series of sinusoidal torque voltage signals. The solid line in Figure 4 is the first axial mode frequency response. The pole-placement principle through the transfer functions (3a) and (3b) is used for identifying the parameters of (1a) and (1b). The identified result is 
The dashed line in Figure 4 is the frequency response simulation of (1a) and (1b) with the identified parameters above. It can be seen that the frequency response of the model is in good agreement with the measurement result of first axial vibration mode. The state space model which is transferred from (1a) and (1b) with the state vector
T is inferred as follows:
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The state vector is divided into two parts as
T and 2 ( ) =̇1( ). The corresponding state space model is
where
] ,
A 21 22 ] .
ANSMC-DOB for SMT Assembly Machine
In order to introduce the proposed control algorithm, a comparative step response of second-order systems with different damping ratios is shown in Figure 5 . The secondorder system is given as
The damping ratios of four systems are given as 
Step response
Sys.ud Sys.cd
Sys.vd Sys.od where and represent the system actual output and desired output, respectively. It can be concluded from Figure 5 that the system with small damping ratio has a fast response but the system overshoot is large. The system with big damping ratio, such as Sys.cd and Sys.od, has a nonovershoot response but the response speed is slow. The system Sys.vd combines the advantages of the previous two kinds of systems and has the best transient response performance with nonovershoot and short settling time. The variable damping ratio in Sys.vd is changing from a tiny value to a high value as the system actual output is gradually moving close to the expected one. Spurred by this principle, the novel ANSMC-DOB is presented in this section for two-DOF model of the pick-place actuation axis.
Nonlinear Sliding Surface.
The novel nonlinear sliding surface is firstly proposed by Bijnan et al. [22] for the system only with matched disturbance to realize the response with short settling time and nonovershoot. Assume that the mismatched disturbance 2 ( ) in (6) is neglected here and the desired state trajectory is defined as
The state errors are illustrated as
6
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The nonlinear sliding surface (z, ) for counteracting the matched disturbance 1 ( ) is defined as
where ( , ) = [F − ( , )A T 12 P 1]. and are the actual and desired actuator equivalent rotary displacement. F is chosen to satisfy the condition that A 11 − A 12 F has stable eigenvalues and its dominant poles have a very low damping ratio [22] . P is the positive definite symmetric matrix which is chosen based on the final damping ratio and the Lyapunov equation below:
where W is a known positive definite matrix. ( , ) is a negative function and is continuously differentiable with respect to . It has a similar effect to the variable damping ratio in Sys.vd which is to gradually increase the damping ratio of the control system. ( , ) is chosen as follows:
where is used to adjust the damping ratio and satisfies > 0. should be big enough to make ( , ) be a tiny value initially. According to the control principle of the SMC, the system will be forced to the sliding surface (11) by the control law and then the following equation is satisfied:
Combining (6), (10a), (10b), and (14), it yields that
It can be observed from (15) that
In order to analyze the convergence performance of the system state errors, the Lyapunov function for subsystem (16) is defined as
Then, it follows thaṫ
Therefore, the error e 1 ( ) is asymptotic convergence to zero as well as 2 ( ).
ANSMC.
The SMC based on nonlinear sliding surface is designed to force the system state errors (10a) and (10b) to move to the predetermined sliding surface (11) and keep on it afterwards. The exponential approaching law (20) which has the advantages of low chattering in the case of switching control is used here to design the controller:
where 1 > 0 and 2 > 1 / 1 . Since the upper bound of matched disturbance 1 is unknown and difficult to acquire, the adaptive parameter estimation̂( ) as (21) is introduced here instead of the switching gain 2 . Hence,
where > 0. Taking the derivative of the sliding surface (11) yields thaṫ
Combining with (20)- (22), the control law and its existence are discussed in the following theorem.
Theorem 2. The control law
forces the system state error e( ) to move from any initial condition to the sliding surface (11) in finite time and thereafter to remain on it. In the above control law, the parameter 1 should satisfy 1 > 0. Proof. To verify the stability of ANSMC, consider a quadratic function as
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Using (21)- (22), it follows thaṫ
From (1a) and (1b), (25) implies thaṫ2( ) < 0. This completes the proof. Figure 6 illustrates the corresponding block diagram of ANSMC with the notch filters discussed later. In Figure 6 , eq ( ) is acquired by the equivalent control which is represented as
ANSMC-DOB.
As previously mentioned, ANSMC has the advantages in the transient response performance and robustness to system with matched disturbance. However, the mismatched disturbance 2 ( ) cannot be neglected in the system and now it is considered in the controller design in this section. Firstly, (16) is updated aṡ
Equation (27) implies that the actual states cannot be driven to the desired values and even the controller (23) makes the system state errors reach the sliding mode (11) . Therefore, the ANSMC based on disturbance observer is presented. The nonlinear disturbance observer proposed in [36] is applied here to estimate 2 ( ) as follows:
where ℎ > 0. In order to analyze the convergence characteristics of the disturbance observer, the following assumption should be given [37] . 
Under the normal operation, the major disturbance in SMT assembly machine comes from the moving of small servo motors in the actuator and the mechanical friction. Due to the rigid mechanism design of actuator and the continuous motion of servo motors, the disturbance caused by the servo motors' motion can be considered as bounded and continuous. The friction is also bounded and continuous in most mechanical systems. Therefore, the derivative of 2 ( ) is bounded. In the mechatronics design, the mechanical dynamics are always required to be much slower than the electrical dynamics. Hence, even though there is no prior information abouṫ2( ), it is reasonable to suppose thaṫ 2 ( ) = 0 which implies that the disturbance varies slower relative to the disturbance observer dynamics.
The mismatched disturbance estimation error is defined as
Taking the derivative of (30) and combining with (28a) and (28b) yielḋ
When → ∞, (31) haṡ
From the equation above, we can get a lemma about the convergence performance of the nonlinear disturbance observer. 
Lemma 4. For system (6) satisfying Assumptions 1 and 3, when ℎ is chosen as ℎ > 0, the nonlinear disturbance observer̂2( ) of (28a) and (28b) is asymptotically convergent to the actual value of 2 ( ).
The new sliding surface based on disturbance observer is designed as 
For the proposed control law of ANSMC-DOB with sliding surface (33) and its stability performance, a theorem is acquired in the following.
Theorem 5. The control law
forces the trajectory error of system described by (6) to move from any initial condition to the sliding surface (33) in finite time and thereafter to remain on it, where 1 > 0.
Proof. Let a Lyapunov function for system (6) be given as
Using the controller of (36) and (33), it follows thaṫ
From (35), (38) implies thaṫ3( ) < 0. This completes the proof.
The block diagram of ANSMC-DOB is shown in Figure 7 . In Figure 7 , the matrixes H and Γ are, respectively, represented as
To prevent the adaptive parameter estimation from increasing infinitely, the following equation with a small threshold value is used to improve (21):
Meanwhile, in order to weaken the chattering brought about by the switching control in ANSMC-DOB, a saturation function as follows with a certain threshold value is used here instead of the sign function in the control law (36) :
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Simulation Research and Comparative Experiments

Simulation Research.
In this section, a set of simulations are conducted to evaluate the tracking performance of pickplace actuation axis with two-DOF model (1a) and (1b) under the condition of matched and mismatched disturbance existing, respectively. The reference trajectory is a jerk continuous signal shown in Figure 8 . The maximum acceleration is 8 m/s 2 and the maximum velocity is 1 m/s. This is equivalent to a back-and-forth motion for the actuator in the pick-place actuation axis of SMT assembly machine. Two adaptive sliding mode controllers based on linear sliding surface (ALSMC) with different damping ratios and ANSMC are used in the simulation research. The damping ratios of ALSMC-1 and ALSMC-2 are 0.5 and 0.99, respectively. These values are the initial and ultimate damping ratio in succession for ANSMC controller. The ALSMC control law can be acquired from (23) under the circumstance of ( , ) = 0. The system parameter perturbations and disturbances in simulations are hypothesized as follows:
(43) Figure 9 shows the tracking errors and control signals for the three controllers without the mismatched disturbance. It can be seen that the proposed ANSMC achieves the minimum tracking error and is more robust to the matched disturbance compared to ALSMC. Figure 10 gives the superiority of ANSMC-DOB over ANSMC in dealing with the mismatched disturbance of the system. From Figure 10 , it can be seen that the ANSMC-DOB controller proposed in this paper can reduce the corresponding tracking error effectively. Figure 11 shows the comparison of 2 ( ) and̂2( ). It is obviously seen that the mismatched disturbance can be accurately estimated by the proposed disturbance observer.
Comparative Experiments.
In order to highlight the effectiveness of the proposed ANSMC-DOB, the comparative control experiments are implemented for the pick-place actuation axis of machine in dSPACE DS1104 system with the reference trajectory shown in Figure 8 . With this trajectory, the actuator is firstly moving to the left side and then back to the initial location. The following four controllers are compared and the sampling time of controllers implemented in DS1104 is 16 kHz.
(1) PID. Well-tuned PID is used for the linear position feedback control loop. Classical PID is adopted which is designed as follows:
where , , and are the proportion coefficient, integration time constant, and derivative time constant, respectively. In order to avoid high frequency interference caused by the derivative action, a low pass filter is introduced. Figure 12 
When the actuator is moving close to the reference trajectory, ( , ) is approaching −3. Afterwards, the eigenvalues of state error subsystem e 1 ( ) are calculated as −4.837 and −31656.72 ± j4014. 22 . The corresponding damping ratios are 1.0, 0.992, and 0.992 which satisfy the big damping ratio requirements.
(4) ANSMC-DOB. The disturbance observer is integrated into ANSMC described above to generate the ANSMC-DOB controller (36) . The parameter ℎ of disturbance observer (28a) and (28b) is chosen as ℎ = 1. The notch filters are designed according to the frequency response experiment to suppress the high-order vibrations of the pick-place actuation axis. The operation of frequency response experiment is to give the servo motor a sinusoidal input voltage as torque command. The frequencies of the torque command signal are ranging from 1 Hz to 2500 Hz. Figure 13 shows the frequency response result which is, respectively, measured from grating ruler encoder and rotary encoder. It can be seen from Figure 13 that, apart from the first axial vibration, the other measuring dominant vibration modes of the pick-place actuation axis are, respectively, 277.5 Hz and 766 Hz. The second and third vibration modes are the strong coupling between the axial and torsional vibration of ball screw. The corresponding notch filters are designed as follows:
2 ( ) = 1 − 1.894 −1 + 0.9769
In the control system of pick-place actuation axis, there is strong nonlinear behavior including parameter perturbations and external disturbance. The parameter perturbation always exists during the process of actuator moving as described before. The external disturbance mostly consists of the load disturbance which is the actions of 8 nozzles in the actuator. During the process of the actuator moving, there is only the rotating motion of nozzles driven by eight small servo motors. The vertical motion of the nozzles is executed when the actuator stops moving to avoid the collision. When the actuator moves as the reference trajectory of Figure 8 , the 8 nozzles are driven simultaneously to move rotationally at = 0.3 s. Figure 14 shows the comparative results of the above four controllers when the actuator is in the middle mark of ball screw initially. From Figure 14 , it can be seen that the positioning accuracy has been decreased by ALSMC and ANSMC in the whole movement process compared with PID. There is an obvious increase point of tracking error controlled by PID at = 0.3 s while the tracking errors controlled by ALSMC and ANSMC have no distinct changes. It embodies that the ball screw driven system of SMT assembly machine controlled by ALSMC and ANSMC not only reduces the tracking error when the time-varying parameter uncertainties exist, but also has the robustness to the external disturbance. Due to the gentle variations of damping ratio in ANSMC, it can be seen from Figure 14 that the use of ANSMC in the control system avoids the big control voltage jump while in contrast with ALSMC. Meanwhile, the tracking error of the actuator is reduced by around 10∼15 m by the proposed ANSMC-DOB compared to PID, ALSMC, and ANSMC controllers. The positioning error range of actuator by ANSMC-DOB is ±10 m which satisfies the design requirements. For the long travel of ball screw system, the high-order mode frequency of dynamic performance shifts for different positions of the actuator [38, 39] . This means that the influence of notch filters may decrease and the uncompleted dynamic model and uncertainty increased. In order to verify the robustness of the proposed ANSMC-DOB, the other two experiments are conducted by making the actuator locate initially at the extreme positions which are the left and right marks. Figure 15 shows the tracking errors of these two conditions. It can be seen that the tracking error of the actuator is still controlled in the range of ±10 m. The partial variation of dynamic performance is considered as the disturbance which is estimated by the disturbance observer. From Figures 14 and 15 , it can be concluded that the proposed ANSMC-DOB is more robust to the uncompleted dynamic model uncertainty and the external disturbance to acquire more precision position accuracy.
The procedure of parameter estimation̂( ) for three different initial positions of actuator is shown in Figure 16 . It can be seen that̂( ) always keeps unchanged eventually when the sliding surface remains in the threshold. The threshold here is used for avoiding huge chattering caused by the infinite growth of̂( ). Figure 17 shows the observation result by disturbance observer (28a) and (28b) under different initial positions of the actuator. The disturbance always combines the friction characteristics and the dynamic variation caused by the actuator moving.
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Conclusion
An ANSMC-DOB controller has been proposed for the SMT assembly machine to achieve fast and precision trajectory tracking control. Combining the merits of nonlinear sliding surface and disturbance observer, the proposed method has the advantages of good transient performance and robustness to both the matched and the mismatched disturbance. The results of simulation research and comparative experiments indicate that the proposed ANSMC-DOB can achieve fast and precision positioning performance for SMT assembly machine. This control strategy provides a new solution for high performance tracking control applications. In the future, the friction characteristic should be modeled accurately and the feed-forward controller can be designed combining with ANSMC-DOB to alleviate the friction to obtain more accurate tracking.
